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Negative Regulation of Midline Vascular
Development by the Notochord
the embryonic midline (Flamme et al., 1995). Another
vasculogenic factor, fibroblast growth factor (FGF) and
its receptors, is also expressed throughout the embry-
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Cornell University Medical College onic disc (Risau and Flamme, 1995). The expression
patterns of positive vascular signaling components,1300 York Avenue
New York, New York 10021 therefore, do not clarify how vessel development is ex-
cluded from the embryonic midline axis.
The notochord defines the embryonic midline and is
an important source of axial patterning signals. Angi-Summary
oblasts can arise from any mesodermal tissue with the
exception of prechordal mesoderm, a precursor of theThe negative regulation of vascular patterning is one
of the least understood processes in vascular biology. notochord (Noden, 1989). Furthermore, endothelial cells
do not cross the embryonic midline except in casesIn amniotes, blood vessels develop throughout the
embryonic disc, except for a midline region surrounding where the notochord is ablated (Hahn, 1908; Klessinger
and Christ, 1996). These data suggest that the noto-the notochord. Here we show that the notochord is
the primary signaling center for the inhibition of vessel chord may play a significant role in axial patterning of the
midline vascular endothelial cell nonpermissive zone. Information along the embryonic midline. Notochord ab-
lation in quail embryos results in vascular plexus for- the present study, we examined the role of the noto-
chord in the negative regulation of vessel formation atmation at midline. Implantation of the notochord into
paraxial and lateral mesoderm inhibits vessel forma- the embryonic midline. We show that the notochord is
required for the maintenance of an avascular zone attion locally. The notochord-expressed BMP antago-
nists Chordin and Noggin inhibit endothelial cell migra- the embryonic midline. Further, our data suggest that the
paracrine signals from the notochord exert their effectstion in vitro, and their ectopic expression in vivo results
in a local disruption of vessel formation. Conversely, on endothelial cells directly. These results demonstrate
the importance of notochord and notochord-derivedBMP-4 activates endothelial cell migration in vitro, and
its ectopic expression along the notochord induces paracrine signals in vascular patterning of the amniote
embryo.vascular plexus formation at midline. These data indi-
cate an inhibitory role of the notochord in defining an
avascular zone at the embryonic midline, in part via Results
BMP antagonism.
Notochord Is Required for the Formation
Introduction of an Avascular Zone at Midline
Capillary plexus formation is excluded from the embry-
During vertebrate embryogenesis, the primary vascular onic midline region throughout gastrulation in higher
network forms de novo (Pardanaud et al., 1989; Risau vertebrates (Figures 1A–1E). Bilateral to this vessel-free
and Flamme, 1995). Endothelial cells differentiate from zone, the first artery formation takes place, establishing
mesoderm, initially forming discontinuous capillary chan- the paired dorsal aortae via vasculogenesis (Figures 1D
nels. Later, fusion of these endothelial channels estab- and 1E). To test whether the notochord is required for
lishes a closed capillary plexus and vessels (Hirakow and the exclusion of vascular development at the midline,
Hiruma, 1981; Coffin and Poole, 1988). In higher verte- a region of the notochord posterior to the segmented
brates, including birds and mammals, endothelial cell somites was ablated just before initiation of capillary
differentiation, migration, and vessel formation all take plexus formation. In contrast to unoperated embryos
place throughout the embryonic disc. The one exception (Figures 1F and 1I), notochord-ablated embryos exhib-
is the midline region surrounding the notochord where ited endothelial cells at the midline (n  26/27) at the
capillaries, veins, and arteries are excluded during early ablation site. In 30% of cases (n  9/27), there was
vessel patterning. Flanking this region, the first large formation of a complete vascular plexus at midline (Fig-
vessels to form are the paired dorsal aortae. ures 1G and 1J). Anterior and posterior to the ablation
While many inductive factors and their receptors re- site where the notochord remained intact, the midline
quired for vasculogenesis have been identified, no mecha- was free of endothelial cells. In sham-operated embryos
nisms have been established for the creation of this (n  9), no capillary plexus was observed at midline
avascular zone at the midline. For example, receptor- (Figure 1H). These data show that the midline region
mediated vascular endothelial growth factor (VEGF) sig- is capable of supporting vascular development if the
naling activates endothelial cell migration, differentia- notochord is absent. The data also suggest the neces-
tion, and capillary plexus formation (Leung et al., 1989; sity of notochord in the formation of an avascular zone
Carmeliet et al., 1996; Ferrara et al., 1996). However, VEGF at the midline.
is expressed throughout the embryo, at especially high
levels in the endoderm, including the region spanning The Notochord Inhibits Vascular Formation
The notochord was once thought to be a physical barrier
blocking endothelial cell migration across midline (Hahn,*Correspondence: tmikaw@med.cornell.edu
Developmental Cell
700
Figure 1. Ablation of the Notochord Results
in an Endothelial Cell/Vessel-Permissive Midline
(A) Ventral view of 1 somite stage quail em-
bryo stained with an endothelial cell-specific
antibody QH1 (green). Note the absence of
capillary plexus formation. White arrow indi-
cates the notochord.
(B) 4 somite stage embryo initiating endothe-
lial cell assembly in lateral mesoderm, exclud-
ing the midline region (double red arrows).
(C) 10 somite stage embryo exhibiting capil-
lary plexus formation except at midline.
(D) 14 somite stage embryo forming dorsal
aortae (da) flanking the midline avascular
zone (double white arrows).
(E) 22 somite stage embryo maintaining the
midline avascular zone.
(F) A higher magnification of the 10 somite
stage embryo in (C). Note the absence of ves-
sel formation (green) at midline.
(G) 10 somite stage embryo after notochord
ablation at the 1 somite stage. Note vascular
plexus formation at midline restricted to the
notochord ablation site (bracketed with red
bar; white arrow indicates midline).
(H) Sham-operated 22 somite stage embryo
that had the notochord removed and re-im-
planted at the 1 somite stage. Red brackets
indicate re-implanted notochord. Note the
absence of blood vessels at embryonic mid-
line even as late as the 22 somite stage as in
the unoperated embryo (E).
(I) DIC and QH1 fluorescence overlay of a
transverse section of (F).
(J) As in (I) but of (G). Note ectopic capillary
plexus (red arrowheads) and disorganized
dorsal aortae at the notochord ablated site.
Nt, neural tube; nc, notochord; sm, somite;
da, dorsal aortae.
1908). However, the midline avascular zone is signifi- control, neural tube implantation site. The degree of
inhibition of vessel development by the notochord wascantly wider than the notochord (Figures 1A–1F). We
therefore hypothesized that vessel formation may be further quantified by measuring the density of blood
vessels at the implantation site (Figure 2J). In unoper-inhibited at the midline by negative paracrine cue(s) de-
rived from the notochord, rather than by a physical ated embryos, the blood vessel density of the midline
avascular zone and the area lateral to dorsal aortae atblockade. To test this possibility, a fragment of the noto-
chord was ectopically transplanted into paraxial or lat- the levels of somites 10–12 was scored 0% and 76%,
respectively. In operated embryos, at the same stageeral plate mesoderm, sites of robust de novo vessel
formation. In both cases, the regions surrounding an and somite level, the vessel density was reduced to
8% at notochord implantation sites but was main-implanted notochord fragment contained a lower den-
sity of blood vessels compared to the contralateral, un- tained as74% at neural tube implantation sites. These
data suggest that inhibition of vascular development isoperated side (Figures 2A, 2B, and 2D). A disruption in
dorsal aorta formation was also evident when a noto- notochord specific and that the notochord is not simply
a physical barrier for either endothelial cell migration orchord fragment was implanted (n  6/9) in paraxial
mesoderm (Figures 2A and 2D). In the unoperated side, vessel formation.
the capillary plexus and dorsal aorta formed without
significant alteration. Furthermore, identical implant ex-
periments using fragments of neural tube (n  12/12) Notochord Interacts Directly with Endothelial
Cells In Vitro in a Paracrine Mannerdid not significantly alter capillary plexus or dorsal aorta
formation (Figures 2C and 2E). While the above data demonstrate that the notochord
can negatively regulate vessel development, it was un-To normalize for variations in embryos and surgical
operation, the distribution patterns of blood vessels at clear whether this activity acted directly on the endothe-
lial cell or through a secondary tissue-tissue interaction.implantation sites from six embryos were superimposed
(Figures 2F–2I). The data clearly demonstrate the lower To clarify this, we developed a method to isolate endog-
enous quail embryonic endothelial cells (QEECs) fromdensity of blood vessels in the area surrounding an im-
planted notochord segment, similar to a bona fide avas- embryonic lateral body. This method routinely yielded
a greater than 94% pure population of endothelial cellscular zone at midline, but no significant changes at the
Notochord Inhibits Vessel Formation at Midline
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Figure 2. The Notochord Inhibits Vascular Formation When Ectopically Implanted
(A) QH1 stained 14-somite stage embryo in which notochord (red asterisk) was implanted in paraxial mesoderm.
(B) As in (A) but the implantation (red asterisk) into the lateral mesoderm. Note the inhibition of vessel formation (boxed area in [A] and [B]).
(C) As in (A) but implantation of neural tube (red asterisk). Note undisrupted vessel formation at the implantation site.
(D) DIC/QH1 overlay image of notochord-implanted embryo in (A).
(E) As in (D), but neural tube-implanted embryo. da, dorsal aorta; nc, notochord; nt, neural tube; sm, somite; nc, ectopic notochord implant;
nt, ectopic neural tube implant.
(F) Probability in the distribution of blood vessels in a 400  400 m area surrounding midline at somite levels 10–12 in 14 somite stage
control embryos. Digital images of QH1-positive vessels of six superimposed embryos. Bar color grades the presence of QH1-stained vessels
in an individual area; darker green represents the highest probability. The bilateral dark green bands lateral to the central white band correspond
to the dorsal aortae and midline avascular zone, respectively.
(G) As in (F) but the area lateral to the dorsal aorta of unoperated embryos.
(H) As in (F) but the notochord implantation site (red asterisks) in the lateral mesoderm. Note a zone of clearing.
(I) As in (F) but neural tube implantation (red asterisks). Vessel density is unaffected.
(J) Quantitation of the vessel density in unoperated and operated embryos. Vessel density (the QH1-positive area per total area) was measured
in a total radius of 200 m, in 50 m intervals, at either the midline or implantation site at the 10–12 somite level in the 14 somite stage
embryo. The data from six embryos were averaged. Note the absence of vessels at notochord implantation sites as at the midline.
after 2–3 rounds of enrichment as judged by QH1 immu- indirect effect mediated by a contaminating cell type(s).
To test this possibility, the effect of notochord was ex-noreactivity (Figures 3A–3C) and expression of a VEGF
receptor quek (Figure 3D). In enriched QEECs, wnt3a, amined on a well-characterized endothelial cell type,
human umbilical vein endothelial cells (HUVECs). Asa marker for nonendothelial mesoderm (Fehling et al.,
2003), was undetectable (Figure 3D). These results dem- seen in the QEECs, HUVEC migration was inhibited by
notochord but not by neural tube (Figure 3H). Theseonstrate the successful isolation of quail embryonic en-
dothelial cells from mesoderm. data indicate that the inhibitory activity from the noto-
chord can act on the endothelial cell directly in a para-Using isolated QEECs, we examined whether the in-
hibitory effects of the notochord on vessel formation crine manner.
In contrast to the strong inhibition of cell migration,are mediated by a direct paracrine interaction with endo-
thelial cells (Figures 3E–3H). On average, notochord no significant effect was seen on the proliferation or
survival of endothelial cells cocultured with the noto-fragments reduced QEEC migration by50% compared
to control. No significant inhibition of QEEC migration chord (data not shown). In control wells, where noto-
chords were not added to the cultures, 55% of thewas induced by neural tube fragments (Figures 3G and
3H). The data demonstrate that notochord can inhibit endothelial cells stained with antibodies to proliferating
cell nuclear antigen and 0.26% stained with lyso-QEEC migration in a paracrine manner, and this inhibi-
tory activity is specific to this midline tissue. While tracker red, a marker of apoptosis (Waseem and Lane,
1990; Zucker et al., 1998). Cells cocultured with noto-QEECs are highly enriched, it is conceivable that the
inhibition of endothelial cell migration resulted from an chord demonstrated 52% and 0.29% proliferative
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Figure 3. Direct Inhibitory Action of Notochord on Endothelial Cell Migration
(A and B) Double staining of embryonic cells migrated through a micropore filter after the first (A) and third (B) round of enrichment with QH1
(green) and DAPI (blue).
(C) QEEC enrichment during purification rounds.
(D) RT-PCR analysis of the expression level of quek, a VEGF, and wnt3A. Plus and minus indicate with and without reverse transcriptase.
Note an increase of quek signal and a decrease of wnt3a signal as purification rounds proceed.
(E) QH1 staining of purified QEECs migrated through a micropore filter upon VEGF stimulation.
(F) As in (E) but in the presence of notochords.
(G) As in (E) but in the presence of neural tubes.
(H) Quantitation of the effects of embryonic tissues on QEEC and HUVEC migration. Standard deviation is given.
Scale bars in (A) and (B) and in (E)–(G) indicate 10 m and 30 m, respectively.
and apoptotic indices, respectively. These data suggest expressed both bmprIb and bmprII, but bmpr1a was
not detected, suggesting some diversity between QEECsthat the endothelial cell is a direct target of notochord
and HUVECs in BMP receptor isoform expression. Thus,inhibition and that in culture the inhibition affects cell
embryonic endothelial cells as well as HUVECs expressmigration, but not cell division or apoptosis.
BMP receptors, suggesting their potential responsiveness
to BMP signals.
Chordin and Noggin Inhibit and BMP Activates To test this possibility, the effects of BMPs on endo-
Endothelial Cell Migration In Vitro thelial cell migration were examined. In transwell assays,
Since the above data suggest that the inhibitory effect cell migration of both QEECs and HUVECs were acti-
of notochord on endothelial cell migration likely involves vated by BMP-4, while BMP-2 and BMP-7 did not signifi-
a diffusible factor(s), we examined paracrine factors cantly activate their migration (Figures 4G–4K). BMP-
known to be expressed in the early notochord. Of these, 4-stimulated endothelial cells exhibited a 7-fold increase
we found that Chordin (Sasai et al., 1994) and Noggin in cell migration compared to a 10-fold increase with
(Lamb et al., 1993) were capable of inhibiting endothelial VEGF (Figure 4K). Interestingly, endothelial cells exhib-
cell migration in a dose-dependent manner over the ited a biphasic response to BMP-4 with maximal activa-
range of 108–106 g/ml (Figures 4A–4E). At maximum, tion seen in the range of 1–2 nM (Figure 4L). Furthermore,
cell migration was reduced by 81% and 95% in the BMP-4-induced endothelial cell migration was neutral-
presence of Chordin and Noggin, respectively. HUVEC ized with Chordin (Figure 4L) and Noggin (data not
migration in these assays was reduced by 84% and shown) in a dose-dependent manner. The data demon-
89%, respectively, for Chordin and Noggin. The data strate that BMPs, in particular BMP-4, can activate en-
suggest that these notochord-derived paracrine factors dothelial cell migration in vitro.
can mimic the inhibition of endothelial cell migration by
the notochord. BMP and BMP Antagonists Can Regulate Midline
It has been shown that Chordin and Noggin prevent Vascular Development In Vivo
binding of BMP ligands to their transmembrane recep- The above data suggest that embryonic endothelial cells
tors (Piccolo et al., 1996; Zimmerman et al., 1996). Since can directly respond to BMP signal. To test whether
BMP antagonists inhibited endothelial cell migration, we BMP antagonism plays a role in the notochord-depen-
suspected that endothelial cells may have the respon- dent inhibition of vessel formation at midline, the expres-
siveness to BMP signals. To test this possibility, the sion pattern of BMP ligands and BMP antagonists was
expression of BMP receptors (bmprs) in endothelial cells examined in the embryo during early vessel patterning.
was examined. RT-PCR analysis of mRNA isolated from Our single and double in situ hybridization analyses
QEECs and HUVECs revealed that bmpr 1a, 1b, and II identified the expression of BMP antagonist chordin ex-
clusively in the notochord at this developmental periodwere all expressed (Figure 4F). Interestingly, HUVECs
Notochord Inhibits Vessel Formation at Midline
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Figure 4. Effects of Chordin, Noggin, and
BMPs on Endothelial Cell Migration
(A) QH1 staining (green) of QEECs migrated
through a micropore filter upon VEGF stimu-
lation.
(B and C) As in (A) but VEGF plus Chordin (B)
and Noggin (C).
(D) Quantitation of the effect of Chordin and
Noggin on QEEC (black bars) and HUVEC
(white bars) migration.
(E) Dose responsiveness of HUVECs to
Chordin (squares) and Noggin (circles).
(F) RT-PCR analysis of bmprs in QEECs and
in HUVECs.
(G–J) Differential response of QEEC migration
(QH1 staining in green) to VEGF (G), BMP-2
(H), BMP-4 (I), and BMP-7 (J).
(K) Quantitation of effects of VEGF and BMPs
on QEEC (black bars) and HUVEC (white
bars) migration.
(L) Dose responsiveness of cell migration to
BMP-4 (black circles, shown as negative log-
arithm) and BMP-4 plus 5 ng/ml Chordin
(white squares).
(Figures 5A–5F). In contrast, the expression of BMP li- inhibit the formation of either the capillary plexus or
dorsal aorta at and around the implant site (Figures 5Hgands was detected in significantly broader regions in
the embryo, consistent with previous studies (Schul- and 5L). In contrast, both Chordin- (Figures 5I and 5M)
and Noggin- (data not shown) expressing cells signifi-theiss et al., 1997). Strong hybridization signals of bmp-2
were detected in regions immediately lateral to the ex- cantly inhibited vascular formation, including the dorsal
aorta, around the implantation site, similar to that seenpression domain of chordin, which includes robust sites
of vasculogenesis. bmp-4 expression was detected in notochord-implanted embryos. The data show that
the expression of a BMP antagonist alone is sufficient formore broadly than bmp-2 in lateral as well as in multiple
midline tissues including weak expression in the noto- creating a vascular-free zone during early embryogenesis.
While the above in situ hybridization data showed thechord. bmp-7 was barely detectable in the lateral embry-
onic tissues but was codetected at low levels with expression of BMP ligands at the midline region, their
expression levels appeared notably lower than BMP an-chordin in the notochord. These data show that BMP
ligands are highly expressed either in, or immediately tagonists expressed in the notochord. It was therefore
uncertain whether BMP antagonism plays a role in noto-adjacent to, regions where active vasculogenesis is oc-
curring and at lower levels in the midline where vascular chord-dependent formation of a midline avascular zone.
To test this, BMP ligands were ectopically expresseddevelopment is excluded.
Since a notochord segment can inhibit vessel forma- to neutralize the activities of BMP antagonists at midline.
BMP-producing COS cell aggregates were implantedtion at regions where BMPs are highly expressed, we
tested whether Chordin or Noggin alone was capable adjacent to the notochord prior to dorsal aorta formation
(Figures 5J, 5K, and 5N). All of the resulting embryosof inhibiting vessel formation in the embryo. To express
exogenous Chordin and Noggin locally at the midline, exhibited large numbers of endothelial cells present at
midline (n  13/13). Furthermore, formation of a robustCOS cells were transfected with an expression vector
encoding either factor. RT-PCR analysis revealed that vascular plexus at embryonic midline was detected at
the implanted site in many cases (n  8/13). The bloodthe expression of chordin and noggin by a single 200
m notochord fragment that was typically used in the vessel density at COS cell implantation sites was then
quantified and normalized as in the above notochordimplant experiments was within the range of 10–100
transfected COS cells (Figure 5G). COS cell aggregates implantation experiments. The superimposed patterns
(Figures 5O–5Q) and averaged density (Figure 5R) ofexpressing Chordin or Noggin at a similar or slightly
higher level than the notochord were then implanted blood vessels at the implantation site of six embryos
show that blood vessel formation was consistently in-into either the paraxial (n  12) or lateral plate (n 
18) mesoderm prior to capillary plexus formation. The hibited by exogenous Chordin and was induced by
BMP-4 at the midline. These results suggest that theimplantation of control, untransfected COS cells did not
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Figure 5. In Vivo Effects of BMP Antagonists and BMPs on Vascular Development at Embryonic Midline
(A–F) In situ hybridization of chordin (red) with bmp-2 (purple, [A] and [B]), bmp-4 (purple, [C] and [D]), or bmp-7 (purple, E and F). In situ
hybridization with bmp-2 alone (A), bmp-4 alone (C), and bmp-7 alone (E), or double in situ with chordin (B, D, and F).
(G) RT-PCR analysis of the expression level of chordin and noggin in 10, 50, or 100 COS cells transfected with chordin or noggin, the notochord
(Nc), and untransfected COS cells (COS).
(H) Ventral view of 14 somite stage embryo implanted with untransfected COS cells (red) and stained with QH1 in whole mount (green).
(I) As in (H) with implanted Chordin-expressing COS (red).
(J and K) As in (H) but with BMP-4-transfected COS cells (red). da, dorsal aorta; nc, notochord.
(L) Transverse section of (H) DIC image of overlay of the fluorescent signal of QH1 vessels (green) and DiI COS cells (red). Red arrow
indicates vessel-free zone at embryonic midline.
(M) As in (L) but of (I). Note the significant expansion of the midline avascular zone with addition of Chordin.
(N) As in (L) but of (K) demonstrating the presence of QH1 vessels at midline.
(O) Probability in the distribution of blood vessels in a 400  400 m area at midline at somite levels 10–12 in 14 somite stage control embryos
as in Figure 2F.
(P) As in (O) but the area containing an implanted Chordin-expressing COS cells (red) adjacent to midline. Note the loss of vessel density
upon ectopic Chordin expression.
(Q) As in (O) but BMP-4-expressing COS cell (red) implantation. Note the presence of vasculature at the midline upon ectopic BMP-4 expression.
(R) Quantitation of the change in vessel density at midline in untransfected, Chordin-, Noggin-, and BMP-4-transfected COS cell-implanted
embryos. Vessel density was determined from six embryos at the level of somites 10–12 in the 14 somite stage embryo for a total radius of
200 m in 50 m intervals around the site of COS cell implantation.
ectopic expression of BMP-4 at the midline is able to in vitro, there was the possibility that inhibition of vessel
formation by BMP antagonists in vivo was mediatedneutralize the inhibitory activity of the notochord, which
results in both the presence of endothelial cells and de by the alteration of the endogenous VEGF expression
pattern. To examine the effect of BMP-4 and Chordinnovo vessel formation at embryonic midline.
on VEGF expression, the relative level of vegf mRNA in
lateral embryonic explants, QEECs, and HUVECs wasVEGF Expression Pattern Is Unaffected
by BMP-4 and Chordin analyzed using RT-PCR analysis (Figure 6A). No signifi-
cant alteration of vegf expression was detected inIt has been shown that VEGF plays a critical role in
regulating embryonic vascular development (Ferrara et BMP-4- or Chordin-treated lateral embryonic explants.
Essentially the same results were obtained for bothal., 1996; Carmeliet et al., 1996). While BMP-4 activates
and BMP antagonists inhibit endothelial cell migration QEECs and HUVECs. The data suggest that neither
Notochord Inhibits Vessel Formation at Midline
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as the BMP antagonists Chordin and Noggin, that are
expressed in the notochord. Conversely, ectopic ex-
pression of BMP-4 at the embryonic midline results in
an endothelial permissive zone similar to embryos that
lack a notochord. Previously, the positive role of noto-
chord paracrine signals has been demonstrated in pat-
terning of embryonic midline tissues, such as the induc-
tion of the floor plate in the ventral neural tube,
dorsoventral patterning of the somite, and specification
of the pancreas from gut endoderm (Placzek et al., 1990;
Pownall et al., 1996; Kim et al., 1997). Our findings now
provide evidence for an inhibitory role of the notochord
in vessel formation during early embryogenesis, at least
in part by antagonizing BMP signal.
Proper vessel patterning is vital for the development
and survival of the embryo. While positive regulators
that define sites of vessel formation have been well
documented, much less is known about the mecha-Figure 6. BMP-4 and Chordin Do Not Alter the Pattern of VEGF Ex-
pression nisms that create an avascular zone in the embryo. In
(A) RT-PCR analysis of vegf, bmp-4, and gapdh expression in lateral theory, an avascular zone can be created by either local
embryonic explants, QEECs, and HUVECs in response to BMP-4 or downregulation of vessel inducers or upregulation of
Chordin. Results shown are representative of three independent in inhibitors. The former mechanism, however, appears to
vitro experiments. play an insignificant role in establishment of the midline
(B–E) Transverse sections of COS cell-implanted embryos stained
avascular zone, since vessel inducers, such as VEGFfor VEGF (brown). (B) Untransfected COS cells (red asterisks), (C)
and FGF, are expressed throughout embryo includingno 1 antibody control, (D) Chordin-expressing COS cells (red aster-
the midline (Flamme et al., 1995; Risau and Flamme,isks), and (E) BMP-4-expressing COS cells (red asterisks). Note the
strong VEGF staining in the endoderm (en) and ectoderm (ec) as 1995). Consistent with this idea, our data show that the
well as in the lateral plate mesoderm (lm), somites (s), notochord midline region is fully capable of forming a vascular
(nc), and neural tube (nt). Note that no significant difference is seen plexus at the embryonic midline, if the notochord is
in endogenous VEGF localization between (B), (D), and (E) at and
removed. While the downregulation of other vessel in-around COS cell implantation sites.
ducers at midline cannot be ruled out, our data rather
suggest that the midline avascular zone is established
and maintained via an active inhibitory mechanism.BMP-4 nor Chordin significantly alter vegf expression
A number of potential mechanisms could account forby cultured endothelial cells or in the embryo proper.
this negative regulation, including the activation of cellTo test whether BMPs or BMP antagonists affect
death and inhibition of endothelial cell proliferation, mi-VEGF protein patterns, VEGF immunostaining was per-
gration, differentiation, and/or tube formation. Of these,formed at implantation sites of Chordin- and BMP-
our data show that the notochord and Chordin/Noggin4-producing COS cells (Figures 6B–6E). Immunohisto-
can directly suppress endothelial cell migration in a par-chemical analysis of control embryos revealed a broad
acrine manner. Our data, however, do not rule out otherdistribution of VEGF throughout the embryo (Figure 6B).
effects on vessel formation by the notochord. For in-
Higher levels of VEGF immunosignals were detected in
stance, it has been shown that endothelial cells can
both the ectoderm and endoderm, including endoderm
arise from all mesodermal tissues with the exception
at the midline, consistent with published reports of of prechordal mesoderm, which forms the notochord
mRNA expression (Aitkenhead et al., 1998). No signifi- (Noden, 1989). Thus, notochord may affect endothelial
cant change in VEGF immunostaining was detected at cell differentiation at the midline. Additionally, an inhibi-
the implantation site of BMP-4- (Figure 6E) or Chordin- tory role of the notochord in assembly of endothelial
(Figure 6D) producing COS cells even though vessel cells into vessels cannot be ruled out. It remains to
formation was disrupted around the Chordin-expressing be determined whether the midline avascular zone is
cell aggregate. These data suggest that the protein lo- established solely by inhibition of endothelial cell migra-
calization of VEGF is unaltered by the ectopic expres- tion or via multiple processes.
sion of BMP or BMP antagonists in vivo. Therefore, it We show that the inhibition of endothelial cell migra-
was concluded that BMPs and BMP antagonists can tion and vessel formation by the notochord can be mim-
regulate endothelial cell migration and/or vessel forma- icked by the notochord-derived paracrine factors
tion in vitro and in vivo, respectively, without significant Chordin and Noggin both in vitro and in vivo. Since these
influence on the expression of VEGF ligand. two factors are potent BMP antagonists (Piccolo et al.,
1996; Zimmerman et al., 1996), the inhibition of BMP
Discussion signaling appears to be involved in the negative regula-
tion of vascular formation by the notochord. Since many
Our study presents evidence that the notochord plays additional BMP antagonists have recently been identi-
a central role in the inhibition of vessel formation at fied (Canalis et al., 2003), further work will be required
the embryonic midline. Our data also suggest that the to determine whether all BMP antagonists inhibit early
notochord-derived inhibitory cue(s) directly acts on en- blood vessel development. The definitive identification
of a true inhibitor will have to await the loss of BMPdothelial cells and is mediated by paracrine factors, such
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antagonist function specifically in the notochord during
early vessel patterning. Nevertheless, the idea that BMP
antagonists negatively regulate vessel development is
consistent with recent work suggesting that BMP signal-
ing plays a promotive role in blood vessel formation,
migration, and specification (Deckers et al., 2002; Valdi-
marsdottir et al., 2002; Walmsley et al., 2002). Our data
also show that isolated QEECs and HUVECs express
Figure 7. Proposed Model for Negative Regulation of Vascular Pat-type I and type II BMP receptors, suggesting the involve-
terning by the Notochord at Embryonic Midlinement of BMP signaling in the regulation of endothelial
In amniotes, signals emanating from the notochord (red) inhibit en-cell biology. In the embryo, bmp-2 and bmp-4 are ex-
dothelial cell migration and/or assembly in the presence of positivepressed in or adjacent to sites of active vasculogenesis,
signals (blue) from surrounding tissues, thereby establishing a nega-
and BMP-4 can activate endothelial cell migration. Fur- tive zone for vessel development at embryonic midline. Ec, ecto-
thermore, the overexpression of BMP results in blood derm; ed, endoderm; sm, somite; lpm, lateral plate mesoderm. Other
vessel formation at the midline, suggesting that the inhi- abbreviations are as above.
bition of BMPs is normally required at the midline to
establish the avascular zone. It remains to be seen if
induces migration of angioblasts to the midline and sub-BMP-2 is required for other aspects of vascular develop-
sequent dorsal aorta formation. However, amniotes doment.
not possess a hypochord and express VEGF throughoutImportantly, VEGF expression and protein localization
the endoderm including the midline region (Flamme etis unaffected by exogenous BMP-4 or Chordin. While
al., 1995). Therefore, in the presence of VEGF, it wasour data do not address whether BMP signaling acts
uncertain how a midline avascular zone was patterned indownstream or in parallel to the VEGF pathway, the data
amniote embryos. The data presented here demonstratesuggest that BMP/BMP antagonist-dependent regula-
that the notochord is responsible for the inhibition oftion of endothelial cell migration and vessel formation
vessel development at the midline even in the presenceappears to be non-VEGF mediated. This idea is consis-
of VEGF and other vasculogenic factors (Figure 7). Ourtent with high levels of VEGF expression in the endoderm
findings, however, in turn lead to an obvious questionadjacent to endogenous Chordin and Noggin expres-
as to how the single dorsal aorta forms along the midlinesion in the notochord. The idea is also supported by
of nonamniote embryos in which BMP antagonists arethe data from our complementary experiments, i.e., the
also expressed highly in the notochord. Further studiesinhibition of QEEC and HUVEC cell migration by Chordin/
will be required to uncover the mechanism underlyingNoggin in the presence of VEGF and the activation of
the evolutionary switch for the role of the notochord inendothelial cell migration by BMP in the absence of
vessel patterning.VEGF. However, the present study has only addressed
In conclusion, while positive inducers are expressedthe effect of BMPs and BMP antagonists on VEGF ligand
throughout embryonic mesoderm, the midline region ofexpression and does not rule out the potential influence
the amniote embryo does not form a vascular plexus,on its receptors. Further investigation will be required
as does the rest of the embryonic disc. The notochordto determine a potential interplay between the BMP and
defines the embryonic midline and is required to estab-VEGF signals in vascular development.
lish the avascular zone. The inhibition of vascular devel-The inhibitory activity of notochord-derived paracrine
opment at the midline appears to be mediated throughfactors seen in vasculogenesis leads to the obvious
multiple paracrine signals including BMP antagonists.question of whether the same molecular signals play a
Taken together, we conclude that the notochord is notrole in angiogenesis and vascular remodeling. Much of
only central to embryonic patterning based on inductivewhat is currently known about vascular inhibition comes
interactions but is also vital for the negative regulationfrom using inhibitors of angiogenesis such as angios-
of vascular patterning at embryonic midline. It remainstatin and endostatin (Claesson-Welsh et al., 1998; Folk-
to be seen if negative regulation by the notochord isman, 2002). Angiostatin induces the endothelial cell to
involved in the morphogenesis and patterning of tissuesundergo apoptosis, whereas the notochord and BMP
other than the vascular system.antagonists do not induce apoptosis in our assays.
Therefore, the mode of action of notochord-derived in- Experimental Procedures
hibitory activity appears to work through a different
Immunohistochemistry and In Situ Hybridizationmechanism than the statins.
Quail embryos were isolated, staged according to somite number,Interestingly, the notochord of nonamniotes, in which
and processed for immunostaining or in situ hybridization. Endothe-a single aorta forms along the midline, seems to play a
lial cells and vessels were visualized by whole-mount staining with
completely opposite role in the induction and patterning the endothelial-specific QH1 antibody (DSHB, Iowa) (1:10) and Cy2-
of vascular development. Recent work in Xenopus has conjugated secondary antibody (Jackson Immunochemicals) (1:200)
shown that the notochord is required for the formation according to Pardanaud et al. (1987). VEGF staining (Santa Cruz)
was performed as described (Pennisi et al., 2003). In situ hybridiza-of an endodermally derived hypochord that expresses
tion was performed as described (Takebayashi-Suzuki et al., 2001)high levels of VEGF (Cleaver and Krieg, 1998; Cleaver et
using chordin, noggin, bmp-2, bmp-4, and bmp-7 probes. Doubleal., 2000). The hypochord forms ventral to the notochord,
in situ hybridization was performed as in Takebayashi-Suzuki et al.
resulting in a region of high VEGF expression between (2001) with the following modification: embryos were hybridized with
the hypochord and the underlying endoderm. The local- a mixture of fluoroscein-labeled chordin probe and digoxigenin-
labeled bmp probe at 65C overnight. bmp probes were detectedized expression of VEGF by this transient tubular tissue
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by alkaline phosphatase-conjugated anti-digoxigenin antibody were detected by a 30 min incubation with lysotracker red in culture.
Total cell number was determined by DAPI staining.(1:2000) at 4C overnight. Color developed in NBT/BCIP. The stained
embryos were then processed for the detection of chordin probe
with anti-fluoroscein antibody followed by fast red reaction. All im- Lateral Embryonic Explants
ages were captured using a digital SPOT camera (Diagnostic Instru- The tissues lateral to the notochord were dissected from 1–2 somite
ments) and processed using Adobe Photoshop 7. stage quail embryos and were cultured in M199 media containing
10% FBS, 1% pen/strep, and 2 mM L-glu with or without 500 ng/ml
Chordin peptide (R&D Systems) and/or 1 nM BMP-4 (R&D Systems).Notochord Ablation
Total RNA was extracted as described (Kanzawa et al., 2002) andAll microsurgical procedures were performed on quail embryos
processed for RT-PCR analyses.maintained in shell-less culture according to Bates et al. (2003).
Embryos were visualized by injection of 0.1% India ink into the yolk
and staged. Notochords at the 1–2 somite stage were ablated by RT-PCR Analysis
making a small incision through the ectoderm 200 m posterior RT-PCR analyses were performed as described (Kanzawa et al.,
to the newest somite(s), and an incision lateral (20 m) to the 2002) with the following PCR primer pairs for the number of cycles
neural groove was made toward midline. The notochord was then and annealing temperatures indicated. For HUVECs: hbmp-2, for-
dissected with a glass needle and carefully lifted from the midline ward-5-GAG TTG CGG CTG CTC AGC ATG TTC G-3, reverse-5-
(Teillet and Le Douarin, 1983). Approximately 150 m of notochord AAA GCA TCT TGC ATC TGT TCT CGG-3 for 30 cycles at 63C;
was removed, the ectoderm was allowed to heal, and embryos were hbmp-4, forward-5-GGA AGC TAG GTG AGT GTG GC-3, reverse-
reincubated until the 10 somite stage. 5-TGA TTC TTG ACA GCC AAT CTT G-3 for 30 cycles at 56C;
hbmp-7, forward-5-GCA GCA AGT GAC CGA CGG CC-3, reverse-
5-ATG AAC ATG GGT GCC GAG TTG TG-3, for 30 cycles at 63C;Notochord Implantation
hbmpr-1a, forward-5-GGA CAG AAT CTG GAT AGT AGT C-3, re-Segments of notochords (200 m in length) were isolated as
verse-5-GGT CCG ACA ACA TTC TAT TGT CC-3, for 32 cycles atabove, rinsed with Tyrode’s buffer, and implanted into mesoderm
56C; hbmpr-1b, forward-5-GTT TCA CGA TGA TAG AAG AGG-3,in 1–2 somite stage embryos 250 m posterior to the newest
reverse-5-AAC CCA ATG CTG TAT CGA GGT C-3, for 32 cyclessomite via incision through the ectoderm (Artinger and Bronner-
at 56C; hbmpr-2, forward-5-AAG ATC CGT ATC AGC AAG ACC-3,Fraser, 1992). Ectoderm was allowed to heal. The embryos were
reverse-5-TGG TGT TGT GTC AGG AGG TG-3 for 32 cycles atreincubated until the 14 somite stage and processed for immuno-
56C; gapdh, forward-5-AGA AGG TGG TGA AGC AGG CGT CG-3,staining with QH-1 as above to determine vessel formation at im-
reverse-5-CCT TGG AGG CCA TGT GGG CC-3, for 28 cycles atplantation sites at the 10–12 somite levels.
65C; vegf, forward-5-AGC CTT GCC TTG CTG CTC TAC-3, re-
verse-5-AAC AAA TGC TTT CTC CGC TCT G-3 for 30 cycles atCOS Cell Transfection and Implantation
58C. For QEECs and lateral embryonic explants: qbmp-2, forward-COS cells were transfected with 1 g of either chordin, noggin, or
5-TGC CAG AAA CAA GTG GGA AAA C-3, reverse-5-CAA AAGbmp-4 expression constructs (Sasai et al., 1994; Lamb et al., 1993;
TCT CGT GAC AGG GTC C-3, for 30 cycles at 62C; qbmp-4, for-Streit et al., 1998) 48 hr prior to implantation using FUGENE-6
ward-5-AGA TGT TTG GGC TGC GAA GG-3, reverse-5-TGA GGT(Roche). Six hours after transfection, cells were placed in hanging-
TGA AGA CGA AGC GG-3, for 30 cycles at 56C; qbmp-7, forward-drop culture (50–100 cells per drop) for 42 hr. Cell aggregates were
5-GCC AGC CTG CAG GAC AGC AAC-3, reverse-5-AAT CTA ATGlabeled with DiI and implanted into either paraxial or lateral meso-
ACA GCC GCA TGC TCG-3, for 30 cycles at 62C; qbmpr-1A, for-derm at the 1–2 somite stage as above, and embryos were allowed
ward-5-GAT TTA CAG CCG ACA TTA CCA CCG C-3, reverse-5-to develop until the 14 somite stage. The level of Chordin and Noggin
TCC ATT TGC CCA TCC ACA CTT CAC-3, for 32 cycles at 62C;mRNA was determined by RT-PCR analysis on RNA from 200 m
qbmpr-1B, forward-5-CAT CCT GGT GAA AAA GAA CGG AAC C-3,notochord fragments and 10, 50, or 100 COS cells and normalized
reverse-5-CAC TCA TCG CTG CTC CAT CTG TTG-3, for 32 cyclesto GAPDH. The data from three experiments were averaged.
at 62C; qbmpr-2, forward-5-GCT TCA TTG TGG GAG ACG AGA
G-3, reverse-5-TTG CGG CTG TTC AAG TCA CG-3, for 32 cyclesEmbryonic Endothelial Cell Enrichment
at 56C; qgapdh, forward-5-CAG CCT TCA CTA CCC TCT TG-3,The region flanked by paraxial mesoderm and the area pellucida
reverse-5-ACG CCA TCA CTA TCT TCC AG-3, for 28 cycles atwas dissected with the anterior boundary of the first somite and the
55C; qvegf, forward-5-AAC CCC ATC AGA GTC AGC ACA TAG-3,area opaca as the posterior boundary in Tyrode’s buffer. Cells of
reverse-5-TGT TCC CCC TTC TTT TCC GC-3, for 30 cycles at 58C;isolated lateral tissues from one embryo were dissociated by gentle
cchordin, forward-5-GTG AAG AGA AGA AGA TGG AGC AGG-3,pipetting in 250 l Endothelial Basal Media (EBM, Cambrex) con-
reverse-5-GCA GAT GGC ACA TTT GAT GAG G-3, for 30 cyclestaining 1% penicillin/streptomycin (Cellgro) and 0.1% FBS and were
at 59C; cnoggin, forward-5-ATC ATT CCC AGT GCC TTG TGA C-3,plated in the upper chamber of a 0.3 cm2 fibronectin-coated Fluoro-
reverse-5-TTG CTC AGC CTG TGC TTC TTG-3 for 30 cycles atBlok cell migration chamber. After 4 hr preincubation, 10 ng/ml VEGF
59C.(Sigma) was added to the bottom well and incubated for 16 hr
at 37C. Cells that migrated through the membrane were gently
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